*Abbreviations used in this paper:* HCN1-R, methane thiosulfonate--resistant mHCN1 channel; IO, inside-out; mHCN1, mouse hyperpolarization--activated, cyclic nucleotide--modulated, cation-nonselective; MTS, methane thiosulfonate; MTSET, \[2-(trimethylammonium) ethyl\] methane thiosulfonate; TEVC, two-electrode voltage clamp.

INTRODUCTION
============

A key question in understanding the function of voltage-gated channels is how such channels sense and respond to changes in membrane voltage. Nearly two decades have passed since the initial cloning of the voltage-gated channels revealed highly conserved, regular repeats of positively charged amino acids at every third position along the fourth transmembrane segment (S4) ([@bib34]; [@bib7]). This led to the suggestion that S4 forms the voltage sensor. Subsequent mutagenesis experiments confirmed the importance of S4 in voltage gating since neutralization or charge reversal of its basic residues markedly altered activation gating ([@bib49]; [@bib26]; [@bib35]; [@bib29]).

If S4 forms the voltage sensor, its charge must move relative to the membrane electric field in response to changes in voltage, coupling electrical energy to mechanical or chemical energy required to gate the channel. This charge movement could be accomplished either by an outward movement of S4 relative to the membrane electric field or, alternatively, by a change in the shape of the electric field around a static S4 ([@bib54]). Some of the clearest evidence for S4 movements comes from studies on depolarization-activated channels using sulfhydryl-modifying methanethiosulfonate (MTS) ([@bib2]). By using permanently charged, membrane-impermeant compounds, such as the cationic \[2-(trimethylammonium) ethyl\] methane thiosulfonate (MTSET), it is possible to determine whether a given residue is accessible to either the extracellular or intracellular aqueous environment and how that accessibility varies when the channel is in the open or closed state.

Several studies on depolarization-activated channels using MTS modification of substituted cysteines (Cys) have identified a series of positions along S4 that show a clear pattern of state-dependent reactivity consistent with S4 movement ([@bib55]; [@bib24]; [@bib54]; [@bib56]; [@bib4]). Residues in the external, NH~2~-terminal half of S4 tend to be accessible to MTS reagents in the open state (when the membrane is depolarized) but not in the closed state (when the membrane is hyperpolarized). Conversely, residues in the internal, COOH-terminal half of S4 tend to be accessible in the closed state (when the membrane is hyperpolarized), but not in the open state (when the membrane is depolarized). Remarkably, some residues in the middle of S4 completely reverse their sidedness of accessibility during activation, switching from internally accessible in the closed state to externally accessible in the open state ([@bib54]; [@bib4]). Such findings are consistent with the idea that S4 undergoes an outward translational movement upon depolarization, due to an electrostatic effect of the membrane field on the positive charges on S4.

Surprisingly, residues that were reactive with external MTS reagents were separated from residues that reacted with internal MTS by a very small distance in a given state. This suggests that S4 lies in a water-filled pore, the gating canal, with a constriction that forms a narrow boundary between the internal and external environment ([@bib15]; [@bib54]; [@bib4]). Subsequent fluorescence studies ([@bib8]; [@bib14]) have led to a modified model in which S4 undergoes a rotational movement, causing positive charge exposed to the internal mouth of the gating canal in the closed state to become exposed to the external mouth of the gating canal in the open state. We refer to this voltage-dependent translational or rotational movement of S4 through a water-filled crevice (or gating canal) as the classic model ([Fig. 1](#fig1){ref-type="fig"} A).

![Models of voltage sensor movement during changes in membrane voltage. (A) A model for depolarization-activated channels (classic model). For clarity, a single S4 α-helix is shown which sits in a water-filled crevice with a narrow constriction, separating the internal from external environment. In response to membrane depolarization, S4 moves outward, causing translocation of a series of positively charged residues either by translation or rotation. (B) In the KvAP model, a voltage sensor paddle (formed of S3b-S4 helixes; one of four in the channel complex) moves through the lipid bilayer.](200308918f1){#fig1}

A second model for S4 movements comes from the recent X-ray crystal structure and functional analysis of KvAP, a depolarization-activated K^+^ channel from archaebacteria ([@bib19],[@bib20]). These studies indicate that S4 forms a mobile helix-loop-helix structure with the external, COOH-terminal half of S3 (S3b), termed the "voltage-sensor paddle." Surprisingly, this paddle lies on the outer radius of the channel protein buried in the lipid bilayer, nearly perpendicular to the pore axis (the KvAP model, see [Fig. 1](#fig1){ref-type="fig"} B). During activation the paddle is thought to move into a more upright position, displacing charge through the membrane. Despite its ancient nature, the KvAP primary sequence is highly conserved with eukaryotic voltage-gated K^+^ channels ([@bib38]), suggesting that voltage-sensor paddle movement may be a common mechanism.

In this study we investigated S4 voltage sensor movement during gating of the mammalian HCN channels, which encode hyperpolarization-activated cation currents (termed I*~h~* or I*~f~*) that contribute to pacemaker activity in the heart and brain ([@bib37]). Although the HCN channels are activated by hyperpolarization and not depolarization, they are members of the voltage-gated channel family and contain six transmembrane (TM) segments with a positively charged S4. Thus, these channels provide an interesting experimental system to investigate whether S4 movements are a conserved feature of all six TM segment voltage-gated channels. Indeed, previous studies of MTS reactivity in the sea urchin HCN channel (spHCN; [@bib31]), and in hyperpolarization-activated K^+^ channels from archaebacteria (MVP; [@bib47]) or plants (KAT1; [@bib25]) reported that S4 undergoes an inward movement in response to hyperpolarization and resides in a water-filled canal (for spHCN and MVP), similar to depolarization-activated channels. This suggests that the difference in gating between depolarization- and hyperpolarization-activated channels lies in the mechanism that couples S4 movement to channel opening, and not in the movement of S4 itself.

Here we further explore the nature of hyperpolarization-activated gating for the mouse HCN1 channel isoform (mHCN1; [@bib40]), using MTSET modification of Cys-substituted S4 residues. Although both mammalian HCN channels and spHCN are nonselective cation channels that share the property of hyperpolarization activation, spHCN channels show pronounced inactivation ([@bib13]), whereas mammalian HCN channels do not ([@bib30]; [@bib41]). We engineered an MTS-resistant HCN1 channel (HCN1-R) in which 11 out of 12 endogenous Cys were either deleted or mutated to non-Cys residues, reducing the likelihood of MTS reaction with native cysteines. The reactivity of substituted Cys residues to MTSET was defined along the length of the HCN1-R S4 voltage sensor, using an irreversible change in I*~h~* as an index of reactivity.

Our results provide evidence that S4 movements during hyperpolarization activation in mHCN1 differ from those in other hyperpolarization-activated (spHCN, MVP, and KAT1) and depolarization-activated channels. We found that the COOH-terminal, internal half of the mHCN1 S4 is accessible to the internal aqueous environment in the open (hyperpolarized) state but becomes buried in the closed (depolarized) state. In contrast, the NH~2~-terminal half of S4 is highly reactive to external MTSET in both the open and closed state. These results cannot be explained by the classic translation or rotation models for S4 movements, nor are they readily explained by the KvAP voltage-sensing paddle model. Rather, they are most consistent with the view that S4 is relatively immobile and that inward charge displacement during hyperpolarization gating results from a dilation of the gating canal surrounding the COOH-terminal half of S4 that increases exposure of COOH-terminal S4 residues to the internal aqueous environment and alters exposure to the membrane electric field.

MATERIALS AND METHODS
=====================

Molecular Biology---Creation of MTS-resistant HCN1-R and Cys Substitution Mutant Channels
-----------------------------------------------------------------------------------------

To create an MTS-resistant channel, we used an HCN1 truncation mutant, HCN1-ΔC~term~ (HCN1-S391stop mutation), that lacked nearly the entire COOH terminus, which removed 6 out of 12 endogenous Cys ([@bib52]). We then removed five of the six remaining Cys in HCN1-ΔC~term~ using the following substitution mutations: C55S, C298I, C318S, C347S, and C374T. Four of those substitutions were based on a conservative Ser or Thr substitution. In the case of C298I, we substituted the homologous residue present in cyclic nucleotide--gated channels. The resultant construct, HCN1-R (see [Fig. 2](#fig2){ref-type="fig"} A), generated a channel that showed normal hyperpolarization-activated gating and was resistant to modification by MTS reagents (see [results]{.smallcaps}). Mutation of the one remaining Cys in HCN1-R, C303, which occurs in the S5 segment, to any one of the other 19 amino acids failed to yield functional channels. Individual Cys substitutions were made along the length of the S4 region of HCN1-R using PCR mutagenesis, yielding 18 individual S4 Cys--substituted mutant channels (R244C, V246C, R247C, T249C, K250C, I251C, L252C, S253C, L254C, L255C, L257C, L258C, R259C, L260C, S261C, I264C, R265C, and H268C; see [Fig. 3](#fig3){ref-type="fig"} B). Mutant channels were subcloned into the pGHEM-HE vector through 5′ EcoRI and 3′ XbaI restriction sites ([@bib27]). All mutant channels were sequenced and verified using dideoxy chain termination sequencing.

cRNA Injection and Electrophysiological Recordings in Xenopus Oocytes
---------------------------------------------------------------------

RNA was transcribed from NheI-linearized DNA using a T7 RNA polymerase (Message Machine) and injected into *Xenopus laevis* oocytes as described previously ([@bib16]; [@bib41]). For inside-out patch clamp experiments 50 ng of channel cRNA was injected; for two-electrode voltage clamp (TEVC) 5--50 ng cRNA was injected. RNA concentration was measured from the optical density ratio at 260- and 280-nM wavelengths ([@bib39]) using a DU640 spectrophotometer (Beckman).

TEVC recordings were routinely performed using an OC-725C voltage-clamp amplifier (Warner Instrument Corp.). The extracellular solution contained (in mM): 112 KCl, 2 MgCl~2~, 10 HEPES, pH 7.4. Microelectrodes were filled with 3 M KCl and had resistances of 0.5--3 MΩ. Recordings were usually obtained 18--24 h after oocyte injection. Because S253C channels showed poor expression, they were studied 3--5 d post injection. L255C, L258C, R259C, and L260C showed very poor expression and were not studied further. K250C and R265C did not yield detectable current.

Inside-out (IO) patch clamp recordings were made using an EPC-7 patch clamp amplifier (HEKA Elektronik) 5--9 d after cRNA injection. S253C channels were not studied in these conditions due to their very small patch currents. The extracellular (pipette) solution contained (in mM): 112 KCl, 2 MgCl~2~, 10 HEPES, pH 7.4. The intracellular (bath perfusate) solution contained (in mM): 112 KCl, 1 MgCl~2~, 1 EGTA, 10 HEPES, pH 7.4.

All recordings were filtered at 2 kHz using an 8-pole low pass Bessel filter (Frequency Devices) and sampled at 1 kHz using an ITC interface (InstruTech Corp.) and Pulse software (HEKA Elektronik). Voltage pulse protocols, written and applied using Pulse, are described below. Ag-AgCl grounding wires were isolated from bath solutions (often containing oxidizing MTSET) by 3M KCl/2% agar bridge electrodes. Analyses were performed using PulseFit (v8.5, HEKA Elektronik) and Microcal Origin software (v6.0, Microcal Software, Inc.).

A 1M MTSET (Toronto Research Chemicals) stock was prepared in double-distilled water and subsequently diluted in the perfusing solution to the desired final concentration. MTSET solutions were made fresh during a recording, resulting in the MTSET being in solution for \<90 s before application. No linear leak subtraction was applied to current recordings. All recordings were performed at room temperature (21--24°C).

MTSET Modification Protocols and Modification Rate Calculation
--------------------------------------------------------------

The following voltage-step protocols were used to define accessibility of MTSET in the open and closed state (see [Fig. 4](#fig4){ref-type="fig"} A). A holding voltage of −30 mV was routinely used, at which nearly all channels were completely closed. The following more positive holding potentials were used in four mutant channels that displayed a more positive activation range: −20 mV, for L254C and L257C; −10 mV, for S253C and I264C. Prior to MTSET exposure, the membrane was stepped for 3--4 s to an initial test voltage (V~0~) that lay between the V~1/2~ (midpoint voltage of activation) and a voltage 10 mV negative to the V~1/2~, which was specific to each channel (see [Fig. 3](#fig3){ref-type="fig"} A for V~1/2~ values). For open state exposures in either TEVC or IO patch clamp, MTSET was applied with the membrane held at an exposure voltage (V~EX~) that ranged from −75 to −110 mV. For closed state exposures, MTSET was applied with the membrane held at a V~EX~ of +40 mV for TEVC and 0 mV for IO patch clamp (all channels were ∼100% closed at these voltages).

MTSET exposure was limited to the open or closed state by restricting the period of application to 3--10 s (black bar above V~EX~, [Fig. 4](#fig4){ref-type="fig"} A) within the V~EX~ voltage step (9--20 s). The start of the MTSET application occurred ≥3 s after the onset of V~EX~ to ensure complete channel activation/deactivation before MTSET exposure. The end of the MTSET application occurred ≥3 s before the termination of V~EX~, to ensure complete washout of the compound (achieved in ∼2 s) before channel deactivation/activation. After an exposure in a designated channel state, the membrane voltage was returned to the holding voltage for 3--5 s. The channel was subsequently reopened by hyperpolarizing the membrane to the test voltage (V~TEST~, equal to the initial preMTSET voltage step, V~0~). Successive exposures to the desired channel state were performed until MTSET modification reached completion.

Modification rates were determined as follows. The magnitude of the time-dependent I*~h~* was obtained by measuring the difference between steady-state current at the end of the 3--4-s long hyperpolarizing test pulse and the instantaneous current after the decay of the capacitive transient at the beginning of the hyperpolarization (see [Fig. 4](#fig4){ref-type="fig"}, B2--E2). I*~h~* values were measured before MTSET exposure (I~0~) and at various points after repeated MTSET exposures (I~TEST~). I~TEST~ values were normalized to I~0~ and the resulting fractional current (I~TEST~/I~0~) was plotted versus the cumulative MTSET exposure (MTSET concentration × total exposure time, in mM·s). A single exponential function was fitted to these data to determine a decay constant (in mM·s) for each of the modifications ([Fig. 4](#fig4){ref-type="fig"}, B1--E1, solid black lines). Decay rates were converted to second order modification rate constants (in s^−1^M^−1^). Modification rates for each experimental determination were averaged to give mean modification rates (*n* = 3--6 experiments).

Based on the half-life of MTSET (11.2 min, at pH 7.0, 20°C, [@bib22]) and the upper limit of MTSET concentration used in this study (5 mM), we estimate that any modification rate ≤0.5 s^−1^M^−1^ will be too slow to accurately measure. Thus, Cys residues that showed no significant reactivity were arbitrarily assigned a modification rate of 0.5 s^−1^M^−1^ for purposes of display ([Fig. 5, A and B](#fig5){ref-type="fig"}).

Boltzmann Fits to Tail Current Activation Curves
------------------------------------------------

Tail current activation curves were obtained by plotting tail current amplitudes measured upon return to a fixed holding voltage from a series of 10-s hyperpolarizing test pulses to different potentials. Tail current values were plotted as a function of test voltage, and the resulting I-V relationship was fitted by the Boltzmann equation: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{I}} \left \left({\mathrm{V}}\right) \right ={{\mathrm{A}}_{{\mathrm{1}}}+{\mathrm{A}}_{{\mathrm{2}}}}/{ \left \left\{{\mathrm{1}}+{\mathrm{exp}} \left \left[{ \left \left({\mathrm{V}}-{\mathrm{V}}_{{{\mathrm{1}}}/{{\mathrm{2}}}}\right) \right }/{{\mathit{s}}}\right] \right \right\} \right {\mathrm{,}}}\end{equation*}\end{document}$$where A~1~ is an offset due to steady holding current, A~2~ is the maximal tail current amplitude, V~1/2~ is the midpoint activation voltage, and *s* is the slope factor of the relation. Mean tail current activation curves were obtained by subtracting the offset (A~1~) from individual current-voltage curves and then normalizing by the maximal amplitude (A~2~). The normalized data were then averaged among different experiments and the mean normalized tail current-voltage relation was then fitted with a Boltzmann curve.

Calculation of Predicted State-dependent Changes in External Accessibility of MTSET
-----------------------------------------------------------------------------------

We used the following procedure to estimate the predicted magnitude of the state-dependent change in MTSET reactivity for an S4 residue during an external MTSET application at a hyperpolarized exposure voltage that opens a fraction, *f*, of channels, assuming that a given residue goes from being externally exposed in the closed state to fully buried in the open state. In the simplest model, we assumed that the rate of reaction is directly related to the fraction of channels that remain closed at the exposure voltage. In this case the expected ratio of the rate of reaction at the hyperpolarized voltage to the rate of reaction at a depolarized voltage, where all channels are closed, is given by (1 − *f*). In typical experiments using steps to −100 mV, the fraction of open channels was ∼0.8, leading to a predicted fivefold slowing of reactivity.

A more realistic model takes into account the presence of four S4 segments per tetrameric channel. We further assume that modification of a single S4 Cys residue is sufficient to alter gating, and that channel activation follows a Hodgkin-Huxley scheme in which all four S4 residues must undergo an independent activation reaction before a channel opens. In this case, the fraction of S4 gates in the active conformation, *n*, is given by: *n* = *f* ^1/4^. For a channel in the fully closed state in which all four S4 segments are deactivated, and hence MTSET accessible, the rate of MTSET modification will be given by 4 · *q*, where *q* is the rate of reaction with a single S4. During hyperpolarization to a voltage that opens a fraction, *f,* of channels and activates a corresponding fraction, *n,* of S4 gates, the predicted rate of current modification, *q*′, is given by: $$\documentclass[10pt]{article}
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\begin{equation*}q{\mathrm{^{\prime}}}={{\sum^{4}_{i=1}}}q{\cdot}i{\cdot}\frac{4{\mathrm{!}}}{i{\mathrm{!}}{\cdot} \left \left(4-i\right) \right {\mathrm{!}}}{\cdot}n^{ \left \left(4-i\right) \right }{\cdot} \left \left(1-n\right) \right ^{i}{\mathrm{,}}\end{equation*}\end{document}$$where *i* is the number of S4 segments in the closed (deactivated) position per channel and the other terms are as defined above. This equation states that the rate of modification at a given voltage is equal to the rate of modification of an individual S4 segment (*q*), multiplied by the number of S4 segments in the closed position (*i*), multiplied by the probability of observing *i* closed S4 segments per channel. These normalized rates are then summed over the four possible states of a binomial distribution in which one or more S4 segments are in the closed position. The predicted factor by which the hyperpolarization slows the rate of MTSET reactivity is then given by the ratio (4 · *q)*/*q*′, where 4 · *q* is the modification rate when the channel is completely closed (four S4 closed). Thus, a hyperpolarization that opens ∼0.8 of the channels leads to a predicted ∼60-fold decrease in the rate of reaction with external MTSET, relative to the closed state rate, for a Cys residue that undergoes a change in position from an externally accessible position in the closed state to an externally inaccessible position in the open state.

RESULTS
=======

Methane Thiosulfonate--resistant HCN1 Channel (HCN1-R) and Cys Substitutions
----------------------------------------------------------------------------

The mouse wild-type HCN1 subunit (*wt*), with 12 endogenous Cys residues (see [Fig. 2](#fig2){ref-type="fig"} A), showed significant reactivity to either external or internal application of MTSET. Thus a 2-min exposure to 5 mM external MTSET caused a 51.4 ± 4.5% (*n* = 4) inhibition of mHCN1 current measured under two-microelectrode voltage clamp ([Fig. 2](#fig2){ref-type="fig"} B). A previous study also showed significant inhibition of mHCN1 current after external application of other MTS reagents (MTSEA and MTSES, [@bib53]). A 2-min application of 5 mM MTSET to the internal surface of the membrane in the inside-out patch configuration caused a 30.9 ± 9.9% (*n* = 7) current reduction ([Fig. 2](#fig2){ref-type="fig"} C). A methane thiosulfonate--resistant HCN1 channel (HCN1-R, see [Fig. 2](#fig2){ref-type="fig"} A) was therefore created.

![MTSET effects on wild-type mHCN1 and HNC1-R. (A) mHCN1 (*wt*) channel schematic (left) depicting the six transmembrane segment topology and COOH-terminal cyclic nucleotide--binding domain. S3 is divided into two regions (S3a and S3b) by a conserved proline break ([@bib28]; [@bib19]). 12 endogenous Cys are shown (filled diamonds). The right panel shows HCN1-R, with a COOH-terminal deletion and conservative mutations that removed five of six remaining Cys (open diamonds). Mutations at C303 were not possible without loss of functional expression (filled diamond). (B) The effect of external application of MTSET (5 mM for 2 min) on mHCN1 *wt* (left) and HCN1-R (right) channels. Currents were recorded using two-electrode voltage clamp (TEVC) by stepping from a holding voltage of −30 mV to a test voltage of −80 mV for 4 s, once every 15 s (voltage pulse protocol above current traces). Current traces are shown before MTSET application (I~0~, black line) and after washout of MTSET (I~MTSET~, open circles). (C) Effect of internal MTSET application (5 mM applied for 2 min) on mHCN1 *wt* (left) and HCN1-R (right) currents in cell-free inside-out patches. Currents were elicited by hyperpolarizing voltage steps (3-s duration) from a holding voltage of −30 mV to a test voltage of −105 mV. Current symbols as in B.](200308918f2){#fig2}

Construction of HCN1-R was based on an HCN1 deletion mutant, HCN1-ΔC~term~ ([@bib52]), in which the entire COOH terminus was removed by insertion of a stop codon three amino acids COOH-terminal to the end of S6 (HCN1-S391stop). This mutant lacks 6 of the 12 endogenous Cys residues and shows normal hyperpolarization activation, except for a 5--7-mV positive shift ([@bib52]). We next used a series of point mutations to substitute alternate amino acids for five of the six remaining Cys (C55S, C298I, C318S, C347S, and C374T; see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}), yielding HCN1-R. Mutation of the one remaining Cys, C303 within the S5 segment, to any of the 19 remaining residues resulted in a complete loss of functional expression. Thus, all experiments were performed in the background of HCN1-R.

HCN1-R showed robust functional expression with relatively normal voltage gating and, importantly, a complete resistance to internal or external MTSET. Tail current activation curves for HCN1-R showed a typical S-shaped dependence on voltage that, when fitted by a Boltzmann relation, yielded a midpoint voltage of activation (V~1/2~) of −76.1 ± 2.1 mV and a slope of 11.6 ± 1.0 mV (*n* = 7), similar to the values for *wt* mHCN1 (V~1/2~ = −79.0 mV; slope = 11.9 mV; see [Fig. 3](#fig3){ref-type="fig"} A). A 2-min application of 5 mM MTSET had no effect on channel current when applied to either the external side of the membrane (peak current equal to 97.8 ± 1.2% of control, *n* = 5; see [Fig. 2](#fig2){ref-type="fig"} B) or internal side of the membrane (peak current equal to 101 ± 2.3% of control, *n* = 3; see [Fig. 2](#fig2){ref-type="fig"} C). Thus, HCN1-R channels provide a suitable background for studying MTSET reactivity of substituted S4 Cys residues.

![S4 voltage sensor Cys substitutions. (A) Mean, normalized tail current activation curves for mHCN1 *wt* (red, filled diamonds), HCN1-R (green, open diamonds), and the 12 Cys substitution mutant channels (see legend inset). Tail currents were fitted by a Boltzmann equation (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}) to obtain V~1/2~ and slope factor (mean ± SEM, both in mV, see legend inset); italicized figures in brackets are the number of experiments (*n*) for each channel. Boltzmann fits to mHCN1 and HCN1-R currents are shown as red and green lines, respectively; fits to Cys substitution mutant channels shown as thin, black lines. (B) Sequence alignment of S4 regions for selected hyperpolarization- and depolarization-activated K^+^ channels. The first four sequences are of hyperpolarization-activated channels: mouse HCN1 (used in this study, [@bib40]), sea urchin spHCN ([@bib13]), plant KAT1 ([@bib3]; [@bib45]), and archaebacterial MVP ([@bib47]). The final two sequences are from depolarization-activated K^+^ channels: *Drosophila Shaker* ([@bib21]) and archaebacterial KvAP ([@bib38]). Residue numbering is at the NH~2~- and COOH-terminal end of each sequence; blue highlights positively charged residues (R or K); red highlights negatively charged residues (D or E); underlined residues form S4 transmembrane segment; arrows above mHCN1 indicate Cys substitution residues studied here. Alignments were adjusted so that residues responsible for gating charge movements of R362, R365, R368, and R371 for *Shaker* ([@bib4]), and R117, R120, R123, and R126 for KvAP ([@bib20]), were aligned with residues in mHCN1 we propose to be important for charge movement.](200308918f3){#fig3}

12 out of 18 separate Cys substitutions within the S4 segment of HCN1-R yielded functional channels with good expression levels (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). All 12 Cys mutants generated hyperpolarization-activated currents with normal voltage-dependent activation curves that were well-fitted by a Boltzmann relation, similar to the behavior of *wt* mHCN1 and HCN1-R. However, the midpoint position of the activation curves for some mutants was shifted along the voltage axis relative to the HCN1-R or mHCN1 activation curves ([Fig. 3](#fig3){ref-type="fig"} A). At one extreme, the S253C channel V~1/2~ was shifted to −45.2 mV, 30.9 mV more positive than HCN1-R, indicating a significant stabilization of the open state. At the other extreme, the 261C channel V~1/2~ was shifted to −97.4 mV, −21.3 mV negative to HCN1-R, indicating a significant stabilization of the closed state. These shifts in V~1/2~ are similar to those seen in previous studies that examined point mutants for a subset of these residues, either in the background of wild-type HCN2 ([@bib9]; [@bib50]) or wild-type spHCN ([@bib31]), indicating that the background mutations used to construct HCN1-R have not significantly altered the channel\'s structure.

An alignment of S4 segments from a number of hyperpolarization- and depolarization-activated channels demonstrates the conservation of the basic residues and allows us to compare results in mHCN1 with previous results from other channels. All six channels shown in [Fig. 3](#fig3){ref-type="fig"} B are members of the voltage-gated K^+^ channel superfamily, although they differ in the polarity of voltage gating. The S4 of hyperpolarization-activated channels (the first four sequences in [Fig. 3](#fig3){ref-type="fig"} B) are distinguished by a particularly large number of basic residues, with an unusual break in the pattern, in which a neutral serine (or valine, in MVP) is present in place of the usual basic residue in the middle of S4 (S253 in mHCN1, see [Fig. 3](#fig3){ref-type="fig"} B). The Cys substitutions that we have made span the length of the mHCN1 S4 segment ([Fig. 3](#fig3){ref-type="fig"} B).

Studies of MTSET Reactivity of S4 Cys--substituted Residues
-----------------------------------------------------------

Channels containing substituted Cys residues were exposed to MTSET in either the open or closed state from either the internal or external side of the membrane (as described in the [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). We observed two general patterns of reactivity, depending on the position of the residue along the length of S4. Residues in the NH~2~-terminal portion of S4 proximal to T249C, including R244C, V246C, and R247C, showed a rapid, state-independent reactivity with external but not internal MTSET. MTSET modification of these residues led to irreversible inhibition of channel opening. Conversely, residues in the COOH-terminal portion of S4 between I251C and H268C, including L252C, L254C, L257C, S261C, and I264C showed a rapid reactivity with internal, but not external, MTSET. Moreover, this reactivity was state dependent, proceeding ∼2--3 orders of magnitude faster in the open state compared with the closed state. Finally, modification of these internal-facing residues resulted in an irreversible activation of the channel; that is, the channels were locked in the open state.

These effects are illustrated in [Fig. 4](#fig4){ref-type="fig"} for three representative residues in different regions of S4: V246C, T249C, and L257C. In our protocol, the membrane was typically held at −30 mV and a 3--4-s hyperpolarizing potential step (V~0~) was applied to record the initial magnitude of I*~h~* ([Fig. 4](#fig4){ref-type="fig"} A). MTSET was then selectively applied to channels in either the closed state, using a prolonged voltage clamp step to a depolarized potential (V~EX~ = 0 to +40 mV, [Fig. 4](#fig4){ref-type="fig"} A), or in the open state, using a prolong step to a hyperpolarized voltage (V~EX~ = −75 to −110 mV, [Fig. 4](#fig4){ref-type="fig"} A; see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). After various durations of exposure (3--10 s), MTSET was washed out of the bath and the membrane returned to its initial holding potential. To assay reactivity, we measured I*~h~* with a second short (3--4 s) test pulse (V~TEST~), identical to the initial test pulse. MTSET reactivity is defined by the presence of a persistent irreversible change in I*~h~* amplitude or kinetics of activation.

![Effects of MTSET on three representative Cys substitution mutant channels: V246C, T249C, and L257C. The α-helical diagram representing mHCN1 S4 from K238 to H268 (far left) shows positions of the α-carbons (dark gray spheres) of the three residues described in this figure. (A) The voltage pulse protocol used for measuring effects of MTSET application to the channel in either the open or closed state (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps} for details). (B and C) Effect of external application of MTSET on V246C (B1, B2) or T249C (C1, C2) currents measured using TEVC. (B1 and C1) Plot of normalized steady-state I*~h~* current amplitude, I~TEST~/I~0~, as function of MTSET exposure time multiplied by MTSET concentration (units of mM·s) for applications to either the open state (open squares) or closed state (filled squares) of the channel. Note the 10,000-fold difference in cumulative exposure scale between B1 and C1. (B2 and C2) Current traces from individual experiments showing steady-state effects of external MTSET application to closed state of channel. Currents before (I~0~, black line) and after MTSET (I~MTSET~, open circles), show effect of external MTSET to inhibit I*~h~*. (D and E) Effect on L257C channels in inside-out patches of cumulative exposure to internal MTSET applied to either open (D1) or closed (E1) states. Note the 1,000-fold difference in the cumulative exposure between D1 and E1. (D2) Open state MTSET modification caused channels to open constitutively (I~MTSET~, open circles), generating a large instantaneous "leakage" current that was blocked by ZD 7288 (50 μM, I~ZD\ 7288~, open triangles). (E2) Closed state modification of L257C (I~MTSET~, open circles) had the opposite action, inhibiting channel opening.](200308918f4){#fig4}

Residue V246C, located in the NH~2~-terminal, presumably external, half of S4, showed a very rapid modification during exposure to 3 μM external MTSET under two microelectrode voltage-clamp conditions. There was nearly complete and irreversible inhibition of hyperpolarization-activated current after a 15--18-s cumulative exposure ([Fig. 4](#fig4){ref-type="fig"}, B1 and B2). Moreover, this inhibition showed little state dependence. The mean rate of modification of V246C at +40 mV, when the channels are nearly completely closed, was 9.5 × 10^4^ M^−1^s^−1^ (*n* = 3). This rate was 2.2-fold greater than the mean rate of modification at −100 mV, 4.3 × 10^4^ M^−1^s^−1^ (*n* = 4), when the channels are mostly open (fractional activation is 0.81). These rates are close to the rate of reaction of MTSET with free sulfhydryls in aqueous solution (2.12 × 10^5^ s^−1^M^−1^; [@bib36]), indicating that V246C is fully exposed to the external solution in either the open state or closed state of the channel. We observed no effect of internal MTSET on V246C channels, either in the open or closed state (up to 5 mM for 2 min, *n* = 3).

The 2.2-fold decrease in the rate of reactivity of V246C at hyperpolarized versus depolarized voltages is much smaller than the predicted fivefold decrease if V246C becomes completely buried in the membrane (and therefore inaccessible to MTSET) in the open state (based on the measured fractional opening of 0.8 for V246C at −100 mV; see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). The discrepancy is even larger for the fraction of S4 segments that will have undergone a Hodgkin-Huxley activation gating reaction at this voltage, which predicts a 60-fold slowing in rate of reactivity at −100 mV (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). Thus, the small state-dependent MTSET reactivity of V246C may reflect a local change in the environment of this residue, rather than a translational movement of S4 that buries this residue in the membrane. This conclusion is further supported by results on neighboring S4 residues (see below).

Residue T249C, approximately one helical turn below V246C, also reacted with MTSET, producing a complete and irreversible blockade of hyperpolarization-activated current ([Fig. 4](#fig4){ref-type="fig"}, C1 and C2). The reactivity of T249C also showed only a small state dependence, although the absolute rate of modification in either the open or closed state was ∼3 orders of magnitude slower than that of V246C. Thus, the rate of MTSET modification at 0 mV (closed state) was only 26.3 M^−1^s^−1^ (*n* = 4); the rate at −100 mV with channels mostly in the open state was ∼2.5-fold lower, 11 M^−1^s^−1^ (*n* = 5). T249C showed no reactivity with internal MTSET, even at 5 mM (*n* = 3). Because modification rates of ∼50 s^−1^M^−1^ have been found for reaction of MTSET with native Cys residues that lie buried within the interior of the X-ray crystal structure of the globular proteins carbonic anhydrase II and enolase (A. Karlin, personal communication), the slow rate of reactivity of T249C with MTSET suggests that this residue may lie buried within the channel protein or at the external membrane-water interface. Furthermore, ∼0.8 of T249C channels have activated at the exposure voltage of −100 mV, which predicts up to a 60-fold decrease in reactivity rate if T249C becomes completely buried in the activated state (see above). Thus, the 2.5-fold state-dependent change in rate of reactivity may reflect a local change in environment, rather than a complete disappearance of T249C into the membrane.

Residue L257C, approximately two helical turns below T249C, selectively reacted with internal MTSET ([Fig. 4](#fig4){ref-type="fig"}, D1 and E1). External application of 5 mM MTSET had no effect on channel current (*n* = 3). The internal modification of L257C was highly state dependent, occurring ∼1,000-fold faster when MTSET was applied at −90 mV (2.56 × 10^4^ s^−1^M^−1^), when channels were mostly open, than when the reagent was applied at 0 mV (17.9 s^−1^M^−1^), when channels were fully closed. In contrast to the effects of external MTSET to inhibit channel current, open-state modification of L257C by internal MTSET caused HCN channels to become permanently activated (lock-open). After modification of L257C, there was an increase in holding current at −30 mV and the hyperpolarizing step now elicited a large time-independent instantaneous current (see [Fig. 4](#fig4){ref-type="fig"} D2). The amplitude of the time-independent current was identical to the steady-state current amplitude of I*~h~* activated by the hyperpolarization before MTSET application ([Fig. 4](#fig4){ref-type="fig"} D2), indicating that the current was carried by modified HCN channels. Indeed, the increase in instantaneous current was completely blocked by a specific HCN channel blocker, ZD 7288 (50 μM) ([Fig. 4](#fig4){ref-type="fig"} D2). Surprisingly, internal application of MTSET to L257C channels at 0 mV, when the channels were closed, resulted in an inhibition of opening, even though open-state modification produced an enhancement of opening ([Fig. 4](#fig4){ref-type="fig"} E2).

Summary of HCN1-R S4 MTSET Reactivity
-------------------------------------

We observed a clear pattern of MTSET modification for all 12 Cys substituted S4 residues, in which the characteristic effect was determined by the linear position of the reactive Cys residue along S4 ([Fig. 5](#fig5){ref-type="fig"}) . Thus R244C, V246C, and R247C, which lie in the NH~2~-terminal portion of S4, proximal to T249C, all showed a rapid, largely state-independent reaction with external MTSET (see [Fig. 5](#fig5){ref-type="fig"} A) that inhibited channel opening. Importantly, R247C showed virtually no state-dependent change in reactivity, with only an ∼1.3-fold difference in reaction rate between positive and negative voltages. The fraction of R247C channels opened during the exposure voltage of −100 mV was ∼0.87, leading to a predicted ∼8-fold decrease in reaction rate at this potential if R247C becomes buried during opening and a \>90-fold reduction if R247C accessibility tracks individual independent S4 movements. The fact that R247C, which lies internal to V246, showed almost no state dependence strongly argues that the small state-dependent changes for V246C and R244C do not reflect a global inward translational movement of S4, which should result in burial of R247C, but may reflect changes in local environment.

![A summary of external (A) and internal (B) MTSET second order reaction rates for HCN1-R and each of the Cys substitution mutant channels for both closed state (filled symbols) and open state (open symbols) exposure. Mean ± SEM reaction rates (3--6 experiments) were plotted on a Log~10~ scale for each Cys substitution mutant. The fastest modification rate on each graph (2.12 × 10^5^ s^−1^M^−1^) defines the reaction rate of MTSET with free sulfhydryls in aqueous solution ([@bib36]). The hatched area on each plot represents modification rates that are ≤20 s^−1^M^−1^, a conservative guide-line based on the range of reactivity for Cys substitutions buried in the interior of globular proteins (∼50 s^−1^M^−1^, A. Karlin, personal communication). Colored bars at the top of each plot highlight this accessibility/buried definition: gray corresponds to buried Cys substitutions; blue corresponds to externally accessible Cys residues; red corresponds to internally accessible Cys substitutions. We arbitrarily assigned a modification rate of 0.5 s^−1^M^−1^, our lower limit of detection, to residues that failed to show significant reactivity (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}). (C) α-Helical diagrams summarizing the reactivity of Cys substitutions. Each of the α-carbons of the Cys substitutions are color-coded according to their accessibility as above. The gray, semiopaque areas delineate the region of the S4 α-helix that is protein and/or lipid buried. Positively charged residues are highlighted by plus symbols: black and white plus symbols indicate buried or accessible residues, respectively.](200308918f5){#fig5}

Residues between I251C and H268C, including L252C, L254C, L257C, S261C, and I264C all showed rapid reactivity with internal MTSET in the open state, and a very large 100--1,000-fold decrease in rate of reactivity in the closed state (see [Fig. 5](#fig5){ref-type="fig"} B). In addition, open state modification by internal MTSET enhanced channel activation for all five internally accessible residues. Reaction with internal MTSET in the closed state also led to enhanced activation of L252C, L254C, S261C, and I264C, although the rate of modification was slow. Indeed, given the very rapid rate of modification in the open state, it is possible that the closed state reactivity results from modification of the small fraction of S4 segments that are in the activated state. For L257C, however, this cannot be the case as its modification in the closed state produced a different functional effect, channel inhibition, compared with the facilitatory effect of open-state modification.

I264C showed a relatively high rate of closed-state reactivity (179 ± 83.3 s^−1^M^−1^, *n* = 3), although even this rate was ∼170-fold slower than the reaction rate in the open state (30,522 ± 17,645 s^−1^M^−1^, *n* = 4). This large state dependence indicates the presence of a significant change in the environment around this residue during activation gating. However, the relatively high rate of closed state reactivity indicates that I264C may be only partially buried in the closed state, suggesting that this residue may lie close to the boundary between the membrane and the aqueous environment.

Three Cys-substituted residues failed to conform to the above linear pattern. I251C, which lies near the center of S4, showed no effect of exposure to MTSET from either side of the membrane, in either the closed or open state. This indicates that either I25IC is permanently buried in the protein or membrane, or that its modification caused no functional effect. S253C showed anomalous behavior in that it reacted with external MTSET (in a state-independent manner), even though it lies at a position in S4 below that of the internally reactive L252C. However, the extremely slow rate of reaction of S253C (∼5 M^−1^s^−1^) suggests that this residue is likely to be buried in the protein or membrane and that the reaction with MTSET may occur through a tortuous path from the external solution. S253C was also anomalous in that modification by external MTSET enhanced channel opening, as evidenced by an approximatel +15-mV shift in the activation curve, rather than the usual inhibitory effect observed with all other externally accessible residues. The low levels of expression of S253C prevented us from measuring its internal reactivity in inside-out patches. Finally, H268C, at the very COOH-terminal end of S4, did not show any state dependence of reactivity, unlike other internally accessible residues (see [Fig. 5](#fig5){ref-type="fig"} B). In addition MTSET modification at H268C resulted in an inhibition of channel opening (due to a −30-mV shift in the activation curve), rather than the usual enhancement of channel opening observed for other internally accessible residues.

These results are summarized in [Fig. 5](#fig5){ref-type="fig"} C, which maps the pattern of reactivity of S4 onto an α-helix representation. This map highlights the relatively static nature of the aqueous environment around the NH~2~-terminal, externally facing portion of S4, where Cys modification rates only differ by 1.3- to 2.8-fold between closed and open states ([Fig. 5](#fig5){ref-type="fig"} A). In contrast, marked state-dependent changes in environment occur in the COOH-terminal internal end of S4, between residues I251 and H268C, where modification rates are ∼170--3,200-fold slower in the closed than open states ([Fig. 5](#fig5){ref-type="fig"} B). The map also highlights the very short stretch of residues that are buried in the closed state (T249 to I264). These buried residues correspond to residues that were deduced to participate in activation gating from experiments that studied effects of charge neutralization on channel gating and assembly ([@bib9]). We also see that the region of buried residues narrows to a remarkably short three-residue barrier in the open state (T249 to I251, [Fig. 5](#fig5){ref-type="fig"} C).

DISCUSSION
==========

Our results provide new insights into the nature of S4 movements in the HCN channels by defining the pattern of MTSET reactivity with a series of Cys-substituted S4 residues. Residues in the NH~2~-terminal half of S4 (R244 to R247) showed a high rate of reaction with external but not internal MTSET; this reactivity was largely state independent. Residues in the COOH-terminal half of S4 (L252 to I264) showed a high rate of reactivity with internal MTSET, but not external MTSET. These COOH-terminal S4 residues showed a pronounced state dependence; upon channel closure the rate of reactivity decreased by 2--3 orders of magnitude. Moreover, for NH~2~-terminal residues, MTSET modification inhibited channel opening. For COOH-terminal residues, open-state modification enhanced channel opening. This pattern of accessibility is difficult to reconcile with the idea that S4 moves to translocate charge across the membrane and is incompatible with two leading models for S4 movements, as discussed below.

Previous Models of S4 Voltage Sensing
-------------------------------------

The nature and movement of the voltage-sensing mechanism in voltage-gated channels has been extensively investigated (for reviews see [@bib5], [@bib6]; [@bib12]; [@bib17]; [@bib23]; [@bib10]). There is a general consensus, based largely on functional and mutagenesis studies of the depolarization-activated *Shaker* K^+^ channels, that the S4 segment is an α-helix that traverses the lipid membrane more-or-less perpendicular to the membrane. Voltage sensing is thought to occur through the displacement of a series of positively charged S4 residues through the membrane electric field due to a translocation of S4 relative to the membrane. The outward movement of S4 gives rise to an outward gating current and is coupled to the opening of the channel. One surprising and consistent finding from previous studies is that the barrier between the cytosolic and extracellular environment is very narrow; only a short stretch of ∼10 residues appears to be buried in a given state. Because this is much shorter than the length of an α-helix necessary to span the lipid bilayer, S4 has been proposed to reside in water-filled crevices that form a gating canal through which it moves ([@bib24]; [@bib32]; [@bib54]; [@bib4]; [@bib8]; [@bib14]).

These observations have led to the classic model of S4 voltage sensing (see [Fig. 1](#fig1){ref-type="fig"} A, [introduction]{.smallcaps}). The discovery that some members of the voltage-gated channel family are activated by hyperpolarization, and not depolarization, raises a number of questions about the generality of the voltage-sensing mechanism. Does S4 move in response to voltage in a similar manner in both depolarization- and hyperpolarization-activated channels? Recent studies on other hyperpolarization-activated channels, namely the sea urchin spHCN channel ([@bib31]), the archaebacterial MVP channel ([@bib47]), and the plant KAT1 channel ([@bib25]), suggest that this indeed is the case. Using MTS modification, such studies suggest that S4 residues move from an externally accessible position to an internally accessible position upon hyperpolarization, the same type of movement that occurs in depolarization-activated channels. Such studies further imply that the difference between depolarization- and hyperpolarization-activated channel gating must arise from differences downstream of the voltage-sensing mechanism that couple S4 movement to channel opening.

Recent studies in the archaebacterial, depolarization-activated K^+^-selective channel, KvAP ([@bib38]), suggest a radically different protein topography ([@bib19]) and voltage-sensing mechanism ([@bib20]). The X-ray crystal structure of a KvAP--antibody complex showed that the S4 and S3b segments form a helix-loop-helix structure, the voltage-sensing paddle, which lies on the outer radius of the channel within the lipid bilayer, rather than within a water-filled protein crevice. Furthermore, in this KvAP model S4-S3b lies roughly horizontal to the membrane (perpendicular to the pore axis) in the closed state at negative potentials, and is suggested to move into a more upright position during activation gating in response to depolarization (see [Fig. 1](#fig1){ref-type="fig"} B, [introduction]{.smallcaps}).

Comparison with other Results on Hyperpolarization-activated and Depolarization-activated Voltage-gated Channels
----------------------------------------------------------------------------------------------------------------

Our results on S4 of the mammalian mHCN1 suggest that the mechanism of gating differs from either the classic or KvAP models. One of our most striking results is the presence of a minimal barrier between the external and cytosolic environment that is ∼17 residues long (extending from position 249 to 265, see [Fig. 5](#fig5){ref-type="fig"} C) in the closed state and that narrows to only ∼3-residues long in the open state (extending from position 249 to 251, see [Fig. 5](#fig5){ref-type="fig"} C). Such a short barrier is incompatible with the idea that S4 is buried within the lipid bilayer, as in the KvAP model. The results are, however, consistent with the notion that S4 is surrounded by water-filled crevices that form an hour-glass--shaped gating canal, similar to conclusions reached for depolarization-activated channels. However, our finding that only the internal half of S4 of HCN1 experiences a large change in its surrounding environment whereas the external half of S4 exhibits little state-dependent structural change is inconsistent with either a classic S4 translation or KvAP paddle motion.

The difference between our results on mammalian HCN1 and previous results on the hyperpolarization-activated sea urchin spHCN ([@bib31]), archaebacterial MVP ([@bib47]), and plant KAT1 ([@bib25]) channels, orthologues of the mammalian HCN channels, might be attributable to the functional differences among the channels. However, our conclusions also differ from those of [@bib51](in this issue) on mHCN1, who used MTS reagents to scan accessibility of substituted Cys residues on the S4 of a truncated mHCN1, in which 7 out of 12 Cys residues were removed. Most of our experimental results are in essential agreement with those of [@bib51], who examined 6 of the 12 Cys-substituted residues that we have analyzed. Thus, that study found little state dependence for external MTSET reactivity with R247C but a large open-state--dependent increase in reactivity with internal MTSET for L254C and S261C. However, [@bib51] report a larger open-state--dependent decrease in external MTS reactivity for T249C and S253C than we found. Based on these results, the authors conclude that S4 of mHCN1 is likely to move inward upon hyperpolarization, which shields T249C and S253C from the external environment and exposes L254C and S261C to the internal environment. Thus, [@bib51] suggest that S4 movements in mHCN1 are similar to those of depolarization-activated K^+^ channels and the hyperpolarization-activated spHCN ([@bib31]), MVP ([@bib47]), and KAT1 ([@bib25]) channels.

However, even if T249C does undergo a significant state-dependent change in reactivity, it is difficult to reconcile our results with the idea that S4 moves inward upon hyperpolarization. In particular, a rigid body inward motion of S4 during activation cannot explain how the externally facing R247C, which lies just two residues above T249C, can retain its high rate of reactivity with external MTSET in the open state, whereas a stretch of 13 COOH-terminal S4 residues (L252C-I264C) show a 100 to 1,000-fold increase in internal reactivity. Thus, rather than representing an inward movement of S4, we conclude that the state-dependent reactivity of T249C is more likely to reflect a more local conformational change.

New Models for Mammalian HCN Channel Voltage Sensing
----------------------------------------------------

Three models that are consistent with the pattern of substituted Cys accessibility along the mHCN1 S4 segment that we and [@bib51] report are shown in [Fig. 6](#fig6){ref-type="fig"} : a swinging-tail model ([Fig. 6](#fig6){ref-type="fig"} A), a collapsing gating canal model ([Fig. 6](#fig6){ref-type="fig"} B), and a rotating helix model ([Fig. 6](#fig6){ref-type="fig"} C).

![Three models for conformational changes in HCN1-R S4 region during channel gating based on MTSET-reactivity experiments. (A) Swinging-tail model, the COOH-terminal tail of S4 is buried within the lipid or protein interface (gray, semi-opaque area) in the closed state and swings into an aqueous environment in the open state. (B) Collapsing gating canal model, an extensive aqueous crevice collapses around and buries the COOH-terminal tail of S4 in the closed state. In the open state the crevice is open. (C) Rotation model, channel opening is associated with an ∼180° rotation of the COOH terminal tail of S4 that exposes one face of the α-helix that is buried within the membrane in the closed state.](200308918f6){#fig6}

According to the swinging tail model, the COOH-terminal tail of S4 lies buried in the membrane when the channel is closed at positive potentials and swings down into an aqueous-accessible environment (or gating canal) when the channel opens in response to hyperpolarization. This movement is somewhat similar to that proposed for KvAP ([@bib20]), except in the archaebacterial channel the entire S3b-S4 voltage sensor paddle moves as a unit. Our data showing a stationary external end of S4 argue against a concerted S3b-S4 motion. Moreover, the lack of any obvious structural break in the mHCN1 S4 α-helix, such as the conserved glycine-gating hinge observed in S6 ([@bib11]; [@bib18]) or proline interruption in S3 ([@bib28]; e.g., see [Fig. 2](#fig2){ref-type="fig"} A), makes this model less attractive.

In the rotation model, the COOH-terminal portion of S4 is proposed to lie on the internal surface of the gating canal in the open state. Depolarization causes a rotation of S4, burying charge within the canal ([Fig. 6](#fig6){ref-type="fig"} C). According to this model, the similar state dependence of Cys substitutions at L254, L257, S261, and I264 results from the fact that these residues all lie on one side of the S4 helix. Thus, a rotation of ∼180° can potentially move these Cys substitutions from all-accessible to all-buried. However, this model cannot explain the selective open state accessibility of L252C, which lies on the opposite face to L254C, L257, S261, and I264 (see [Figs. 5](#fig5){ref-type="fig"} C and 6 C).

In the collapsing gating canal, there is a minimal movement of S4 associated with channel gating. Rather, a change in the environment around the COOH-terminal portion of S4 during channel closure is proposed to close the access of this region to the internal aqueous environment and to alter the membrane electric field around S4. The net result is a displacement of charge relative to the field that underlies voltage sensing and gating. The concept of a static S4 in which voltage sensing results from the movement of the environment and membrane electric field was previously suggested as an alternative mechanism for the voltage-gated sodium channel ([@bib54]).

Previous studies on depolarization-activated channels are consistent with certain aspects of the collapsing gating canal model. Movements and crevice formation around S3 have been observed in response to voltage changes in the human skeletal muscle voltage-gated Na^+^ channel ([@bib33]). In *Shaker* potassium channels, the buried region of S4 was found to expand during depolarization ([@bib24]), similar to what we observe here for mHCN1. Perhaps the most relevant results come from the study of a hyperpolarization-induced switch to a slow mode of opening in depolarization-activated EAG channels ([@bib43]). MTS reactivity changes indicate that extreme hyperpolarization narrows the crevice around S4 due to motions of neighboring S2/S3 transmembrane segments. The collapse of the S2/S3 crevice also forms a Mg^2+^ binding site, coordinated by pairs of acidic residues in S2 and S3 ([@bib48]). Interestingly, although such negative residues are not present in the homologous positions of other depolarization-activated channels, they are conserved in all HCN family members (D172 and D222 in mHCN1 align with D278 and D327 in EAG). However, hyperpolarization exerts an opposite effect on gating canal architecture in HCN and EAG channels. In EAG, hyperpolarization collapses the external portion of the canal and inhibits opening, whereas in HCN channels hyperpolarization opens the internal portion of the canal and enhances opening.

If S4 is static, how do voltage changes trigger the rearrangement of HCN1 to cause the collapse or expansion of the gating canal? HCN channels contain a total of six highly conserved negative charges in S1, S2, S3, and S5. In *Shaker* channels, movement of negative charge in S2 is thought to contribute to gating currents ([@bib46]). Thus, one possibility is that the non-S4 membrane segments that form the gating canal act as voltage sensors, moving in response to an interaction of their negative charge with the membrane electric field. However, the conformation change associated with the gating canal collapse does not require a direct action of voltage on charged non-S4 residues. Rather, the effect of voltage could be purely allosteric. When the membrane is depolarized, the collapse of the gating canal would lower the free energy of the channel (i.e., produce a more favorable energetic state) by enveloping the positively charged S4 residues in a low dielectric environment, partially insulating them from the positive internal voltage.

Total Charge Movement Predicted by Mammalian HCN S4 Voltage-sensing Models
--------------------------------------------------------------------------

Any successful model must account for the total charge movement relative to the electric field associated with gating. In inside-out patches, the HCN tail current activation curve shows a steep voltage dependence, with activation increasing *e* -fold for a 4-mV hyperpolarization. This corresponds to a movement of six elementary charges per channel, similar to that observed for depolarization-activated K^+^ and Na^+^ channels. Because macroscopic activation curves only provide a lower limit on total charge movement, the actual charge moved in HCN channels could be as high as 13, based on gating current measurements from K^+^ channels ([@bib44]; [@bib1]; [@bib46]). Thus, for each S4 segment, slightly more than three charges would need to traverse the entire electric field.

Assuming a linear drop in the electric field from the external side of the membrane to the internal side, the fractional charge contribution of each positive residue can be approximated by its fractional linear position within the field, whose boundaries are delineated by the boundaries of MTSET accessibility. Our studies indicate that the internally facing charged residues R256, R259, R262, and R265 undergo a transition from a buried position in the closed state to an internally accessible position in the open state. In the closed state, the buried region comprises around 17 residues, from T249 to R265. R256 lies at position 10 out of 17 residues from the internal membrane surface in the closed state (see [Fig. 5](#fig5){ref-type="fig"} C), and thus would contribute 10/18 of an elementary charge as it becomes fully exposed to the internal environment in the open state. Following this logic the contribution for each of the remaining residues (in elementary charges) is: R259, 7/18; R262, 4/18; and R265, 1/18. K250 lies in position 2 out of 3 buried residues (T249 to I251) in the open state and at position 16 out of 17 buried residues in the closed state (see [Fig. 5](#fig5){ref-type="fig"} C). This change in relative position within the electric field will contribute 7/18 of a charge. Thus, each S4 will contribute ∼1.6 elementary charges, totaling ∼6.4 elementary charges for the tetrameric complex. Additional gating charge could be contributed by the movement of some of the 24 negative charges per channel or by a nonlinearity in the electric field around the internal half of S4.

In contrast to the likely contribution of the internal half of S4 to charge displacement through the membrane field, the four positively charged residues (K238, R241, R244, and R247, see [Fig. 3](#fig3){ref-type="fig"} B) in the NH~2~-terminal half of S4 in mHCN1 are unlikely to contribute to charge displacement, due to their minimal state-dependent change in MTSET accessibility (see [Fig. 5](#fig5){ref-type="fig"} C). Nonetheless, this region of S4 is likely to play an important role in channel function since modification of R247C and R244C by MTSET causes an inhibition of hyperpolarization-activated current. The importance of these positively charged residues in HCN channel gating was previously highlighted by mutagenesis studies, in which charge neutralization caused ∼20-mV negative shifts in activation curves ([@bib9]; [@bib50]). These results suggest that the NH~2~-terminal half of S4 may play a more static, structural role, stabilizing channel states by interacting with negatively charged residues in neighboring segments. Indeed, R174 in the plant hyperpolarization-activated channel KAT1 (equivalent to R247 in mHCN1, see [Fig. 3](#fig3){ref-type="fig"} B) was recently suggested to participate in salt-bridge formation with negative charges in S2 or S3, but not to contribute to gating charge movement ([@bib42]). Thus, at these NH~2~-terminal S4 residues, the effects of charge neutralization shown previously and the effects of MTSET modification observed in this study may be explained by the disruption of structural interactions that alter the stability of the open or closed state of the channel.

In conclusion, the MTSET reactivity of Cys substitutions along the S4 voltage sensor in mammalian HCN channels shows that only the COOH-terminal, internal end of the S4 voltage sensor undergoes a marked and global change in environment during channel gating. Our data are consistent with a model in which the S4 COOH-terminal tail lies in an extensive water-filled canal in the open state. Upon channel closure, this crevice collapses, presumably due to the movement of neighboring transmembrane α-helixes. This gating canal motion is proposed to be coupled to the movement of the activation gate of the channel. A similar gating canal collapse is also thought to underlie a hyperpolarization-dependent slowing in the opening of the depolarization-activated EAG channel. However, the effects of hyperpolarization on gating and gating canal movements is reversed in EAG and HCN channels, implying a fundamental difference in the way voltage is coupled to transmembrane region rearrangements. Specification of the nature of these rearrangements in membrane helixes surrounding S4 during hyperpolarization gating is clearly an important goal for future studies.
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